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Why Study Neutrinos?

For every proton/neutron/electron,
 the Universe contains a billion of neutrinos from the Big Bang 

Relic 
neutrinos

~400/cm3



Neutrinos carry 
99% of the 
supernovae 
explosion

Supernovae 
neutrinos

Why Study Neutrinos?



1038 neutrinos 

per second 

produced by 

the Sun
(with a ßux of 

~1011/cm2/sec at 

the Earth) 

Supernovae  
neutrinosSolar

neutrinos

Why Study Neutrinos?



Why Study Neutrinos?

Nucleus also 

emits neutrinos

Supernovae  
neutrinos

Why Study Neutrinos?



Éand Bananas too!
(106 per day)

Supernovae  
neutrinos

Why Study Neutrinos?



¥ Overwhelming number of sources, wide range of energies 

¥ Need wide spectrum of experiments and technologies!

Credit: G. P. Zeller
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Neutrinos Span Multiple Frontiers

Particle Physics

AstroPhysics

Cosmology

High energy Astro-
particle physics

Nuclear physics

(this talk)
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Ss

Standard Model (SM) of Elementary Particles
Theory about fundamental ingredients of matter and how they interact with each other

Neutrinos
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Neutrinos in the Standard Model

Phys.Rept. 427:257-454, 2006

Muon FlavorElectron Flavor Tau Flavor

! Neutral  (no charge)

! SM predicts three active neutrino ÒflavorsÓ (or 

types) Ñ experiments at LEP confirmed that 

only three neutrinos couple to the Z boson

! Very weakly interacting  e.g. to stop a 1 MeV 

neutrino need 10 light years of lead! Ñ need 

very dense, very big and very sensitive 

detectors

! Zero mass according to SM
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Nuclear ! decay

 A desperate remedy by Pauli to explain 

the observed energies in ! decay (1931)

Neutrino: A ÒDesperate RemedyÓ

ÒI have done a terrible 
thing. I have postulated 
a particle that cannot be 

detected.Ó Ñ Pauli

1956: F. Reines and C. Cowen finally 
detected the first neutrino from a 
nuclear reactor (Nobel Prize 1995)



Until as recently as 1998, neutrinos were 
considered to be massless

Neutrinos Oscillate 
and so

they have mass! 
(albeit very tiny)

Breakthrough discovery in Neutrino 
Physics that revolutionized  the field 

opening doors to many exciting 
possibilities!
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! µ ! e  

A neutrino created as one flavor can change into another flavor

Source   
Detector

Long distance

Neutrinos Oscillations



ÒMASSÓ STATES
(how they travel)

ÒFLAVORÓ STATES
(how they are produced)

! 2

! 3

! 1

! µ ! e  
Source   

Detector
Long distance

Quantum mechanical evolution of states determine what is measured

! µ! e

! !

! µ! e

! !

ÒFLAVORÓ STATES
(how they interact)

The Quantum Neutrino

A neutrino created as one flavor can change into another flavor
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e-

W

n

! e

p

! µ ! e  
Source   

Detector 

electronmuon

cannot measure the flavor directly, only through the outgoing lepton

Detecting Neutrinos

No oscillations
Oscillations

No oscillations
Oscillations
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MINOS DAYABAYSUPER-K
Atmospheric Accelerator Reactor source

Fermilab

450 m
iles

Soudan mine

Overwhelming Evidence for ! Oscillations
(from a variety of sources)
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Atmospheric Accelerator Reactor source

Fermilab

450 m
iles

Soudan mineSUPER-K

DAYABAY

3-ßavor oscillations are a well established phenomenon

Overwhelming Evidence for ! Oscillations
(from a variety of sources)



!17

Big bang Cosmology

Star formation

Supernovae evolution

Dark matter

Matter vs Anti-matter

How do neutrinos get mass?

Do neutrinos violate fundamental 

symmetries? 

Neutrino Oscillations are a big deal today!

¥ Make great probes for exploring incredible range of 
fundamental phenomenon

¥
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! µ ! e  
Source   

Detector

!m 2

Oscillation 
Probability

Important parameter L/E

Oscillations measured as a function of L/E 

Oscillations characterized by !m 2, Sin22!  

Long-baseline: L~ 1000 km   

Short-baseline: L ~ 1 km

Oscillations in a Two-Neutrino System



The ÒPMNSÓ Mixing Matrix 
(analogous to ÒCKMÓ matrix for quarks)

ÒMASSÓ 
STATES

ÒFLAVORÓ 
STATES

Neutrino Oscillation Parameters



Neutrino Oscillation: What do we know?

¥ 3 mixing angles: ! 12, ! 23, ! 13 and a complex phase: ! CP

¥ 2 mass squared differences: !m 221, !m 232

¥ If ! CP ! {0,"}  then CP violation in leptonic sector  ¥! 13 ! 0 opened door 
to CP violation in 
the neutrino sector

¥Measuring ! CP helps 
us understand why 
we live in a matter-
dominated 
Universe 

=

PDG 2020 
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Matter

Anti-matter

A very small amount of matter persisted over antimatter at the 

beginning of the Universe

What processes can lead to 

this observed asymmetry?

Why is Universe Matter-dominated?
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If matter and antimatter were alike, nature would be ÒCP-symmetricÓ

(C= Charge and P=Parity)

¥ CPV observed in other particles 

but much more is needed 

¥ Is CP violated in neutrinos and to 

what extent? Ñ most sought after 

question in neutrino physics

Charge Parity Violation (CPV)



Which neutrino is the 
lightest and which one is 

the heaviest?

!m 232/31 > 0: ÒNormalÓ Hierarchy
!m 232/31 < 0: ÒInvertedÓ Hierarchy

!23

 2 mass differences: !m 221, |!m 232|

Neutrino Mass Hierarchy (MH)
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Within SM 3-ßavor mixing Beyond SM 3-ßavor mixing

There is a lot we still donÕt know

¥ Absolute mass of neutrinos?

¥ Neutrinos Majorana or Dirac?

¥ Precision Measurement of 
mixing parameters?

¥ Neutrino mass ordering?

¥ Is ! 23 maximal mixing?

¥ CP violation in the neutrino 
sector?

¥ Absolute mass of 
neutrinos? Are there more 
than 3 neutrinos?

¥ Other BSM physics e.g. 
non-standard interactions
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Within SM 3-ßavor mixing Beyond SM 3-ßavor mixing

¥ Absolute mass of neutrinos?

¥ Neutrinos Majorana or Dirac?

¥ Precision Measurement of 
mixing parameters?

¥ Neutrino mass ordering?

¥ Is ! 23 maximal mixing? 

¥ CP violation in the neutrino 
sector?

¥ Absolute mass of 
neutrinos? Are there more 
than 3 neutrinos?

¥ Other BSM physics e.g. 
non-standard interactions

There is a lot we still donÕt know

Neutrinoless 
Double Beta 
Decay Expts.

Direct Mass 
Measurement 
Experiments

Long-Baseline 
Neutrino 

Oscillation 
Experiments

Short-Baseline 
Neutrino 

Experiments

Short- and 
Long-Baseline 
Experiments
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Within SM 3-ßavor mixing Beyond SM 3-ßavor mixing

¥ Absolute mass of neutrinos?

¥ Neutrinos Majorana or Dirac?

¥ Precision Measurement of 
mixing parameters?

¥ Neutrino mass ordering?

¥ Is ! 23 maximal mixing? 

¥ CP violation in the neutrino 
sector?

¥ Absolute mass of 
neutrinos? Are there more 
than 3 neutrinos?

¥ Other BSM physics e.g. 
non-standard interactions

There is a lot we still donÕt know

Neutrinoless 
Double Beta 
Decay Expts.

Direct Mass 
Measurement 
Experiments

Long-Baseline 
Neutrino 

Oscillation 
Experiments

Short-Baseline 
Neutrino 

Experiments

Short- and 
Long-Baseline 
Experiments

TodayÕs focus
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Nova 
(Ash river)

MINOS(+) 
(Soudan)

DUNE 
(Home Stake)

!27

Japan:
T2K, Hyper-K

JAPAN

US

US:
NOvA, MINOS+,

DUNE 

Long-Baseline Facilities Across the Globe



NOvA (liquid scintillator)

T2K (Water Cherenkov)

¥ Current Landscape: T2K, NOvA, MINOS+

¥ T2K+NOvA can reach around 2-3 !  for CPV 

and MH (if CP phase is conÞrmed maximal)

¥ Extended run of T2K can improve 
sensitivity

¥ New technology, high intensity beams, 
large volume detectors are needed for 
precision

Future: DUNE, Hyper-K

!28

Towards Discovering CPV Ñ Our holy grail



Hyper-K (Japan)

! 1 Mega ton Water Cherenkov technology
! 295 km baseline 
! Narrow band beam (off axis; 0.6 GeV)
! MW-scale beam from J-PARC
! Operation anticipated in 2027

! First beam data expected late 2020s
! 40 kton liquid-argon detector
! 800 miles baseline 
! Wide band beam (~3 GeV)
! MW-scale beam from Fermilab
! Four separate caverns, flexibility in 

design

!29

Next Generation Long-Baseline: DUNE & Hyper-K

Complementary Experiments 
Ñ similar timeline, provide 

cross confirmation 

1

2

3

4

DUNE (US)

Hyper-K (Japan)





1317 collaborators from 208 institutions in 33 countries (plus CERN) 

DUNE: A Global Collaboration

US flagship particle 
physics experiment
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Image credit: A. Cervera

1.5 km deep

DUNE Oscillations

Fermilab

SURF
(South Dakota)
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A ! e Appearance experiment 

look for excess of  
ve events



A ! e Appearance experiment in matter

An artificial hump to make neutrinos go through earth



ÒMatter EffectsÓ matter in DUNE
A !

e
 appearance experiment in matter will be sensitive to rich physics ( ! 23, ! 13, ! CP , mass 

hierarchy and matter effects)



Neutrinos travel through matter not anti-matter ¥ Electron density in matter causes asymmetry 
(through forward weak scattering) whose 
sign depends on the neutrino mass hierarchy

¥ E.g. If Normal Hierarchy , matter effect 
enhances !

e 
appearance probability and 

suppresses anti-!
e
 appearance probability 

(opposite for Inverted Hierarchy ).

ÒMatter EffectsÓ matter in DUNE

Probe CPV by comparing neutrino and 
anti-neutrino oscillations
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Image of the remnant of Supernova 1987a taken 
by the Hubble Space Telescope

! Staged scenario: 2+1+1 model; assumes equal running in neutrino and antineutrino mode

! Significant milestones throughout the beam physics program.

!37

CP Violation Sensitivity Over Time
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Image of the remnant of Supernova 1987a taken 
by the Hubble Space Telescope

! Staged scenario: 2+1+1 model; assumes equal running in neutrino and antineutrino mode

! Unambiguous determination of neutrino mass ordering within first few years.

!38

Mass Hierarchy Sensitivity Over Time
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Image of the remnant of Supernova 1987a taken by the 
Hubble Space Telescope

¥ Unique capability to detect SN electron 
neutrinos:  CC ! e capture of SN neutrinos 

on Ar: ! e + Ar 40(18)!  K40(19) + e-

¥ Detection requires sensitivity to low 
energy gammas (<50 MeV) and 
electrons

Early development of the 
signal is sensitive to 

neutrino mass ordering

Supernovae Physics at DUNE
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    Width of band 
represents range 

of models 

! CP violation in the leptonic sector

! Neutrino Mass Hierarchy

! Precision measurements of neutrino oscillation parameters

! Supernova & Astrophysics

! Nucleon Decay (e.g. p !  K+!)

! Many BSM searches

Rich Science Program



July, 2017
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DUNE Neutrino Beamline & PIP-II

Neutrino Beamline



July, 2017
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DUNE Near Detector Facility

DUNE PRISM
ND-LAr and ND-GAr  
can move off-axis to 
observe varied beam 

spectra

¥ Located at 574 m from 
neutrino beam target

¥ Multiple technologies

Primary Goals
¥ Characterize neutrino beam 
¥ Constrain cross section 

uncertainties for oscillation 
analysis 

Near 
Detector



July, 2017

Sanford Underground 

Research Facility

(Lead, South Dakota)

!43

DUNE at 1.5 km in the 
Home Stake Mine

The DUNE Far Site
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Home Stake Gold Mine in 1889
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home of Ray DavisÕs solar neutrino experiment



1500 m

400 m

The DUNE Far Detector



cosmic rays produce 

> 100 muons/sec/m 2

This is a worrisome 

background especially 

given slow readout times 

(~ms) in a  LArTPC

Why Deep Underground Location?



At 1.5 km underground, 10 -6 reduction for DUNE

Why Deep Underground Location?
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Four 10 Kton Þducial mass (17 Kton total) 
Liquid Argon Time Projection Chambers (LArTPCs)

The DUNE Far Detector

Module 1

Module 2

Module 3

Module 4

2 caverns, 4 detectors, 
ßexibility in design
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¥ dense 

¥ abundant (1% of atmosphere)    

¥ easily ionizable (55,000 electrons/cm)

¥ highly scintillating (transparent to light)

¥ pure argon results in high electron mobility implies long drift lengths

Table credit: M. Soderberg

Why Liquid Argon?
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¥ dense 

¥ abundant (1% of atmosphere)    

¥ easily ionizable (55,000 electrons/cm)

¥ highly scintillating (transparent to light)

¥ pure argon results in high electron mobility implies long drift lengths

Table credit: M. Soderberg

Why Liquid Argon?

Cheap!



Wire planes + Signal arrival times = 3D image; hence, a Time Projection Chamber
Finely (mm-scale) segmented anode wires !  excellent resolution!

How does a LArTPC Work?



v Beam 

A highly ionizing track

Interaction 

vertex

Cosmic muon

Cosmic muon

 muon

Wire direction

D
rif

t d
ire

ct
io

n

ÒImagingÓ detectors

digitized Bubble chambers

with Calorimetry!

!  rays! 

Events with Unprecedented Detail!



Size of a Single Far Detector Module
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ANODE CATHODE ANODE CATHODE ANODE

¥ Other LAr technologies under consideration for other far detector modules: 
dual-phase, vertical drift etc.

¥ Module 4 is considered a Module of Opportunity

Single Phase Technology for Far Detector#1  
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DUNE Prototypes at CERN (Switzerland)



CERN Neutrino Platform
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European Strategy Update for 
Particle Physics, June 2020

ÒEurope, and CERN through the Neutrino 
Platform, should continue to support long 

baseline experiments in Japan and the United 
States. In particular, they should continue to 
collaborate with the United States and other 
international partners towards the successful 
implementation of the Long-Baseline Neutrino 
Facility (LBNF) and the Deep Underground 

Neutrino Experiment (DUNE).Ó

CERN Neutrino Platform is an 
international facility to develop and 

prototype next generation ! 
experiments
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Dune Single Phase Prototype

(ProtoDUNE-SP)
420 t active volume

Dune Dual Phase Prototype

(ProtoDUNE-DP)

DUNE Prototype Technologies at CERN

300 t active volume

SP
DP

VD



DUNE Prototypes @ CERN Neutrino Platform

ProtoDUNE-SP

ProtoDUNE-DP

!59

50L ProtoDUNE-VD 
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ProtoDUNE-SP
ProtoDUNE-DP

Single & Dual Phase Prototypes

¥ The ProtoDUNE-SP technology extremely 
successful (took data 2018-2020)

¥ ProtoDUNE-DP led to significant progress but 
encountered some issues

¥ Currently combining SP and DP features 
towards a vertical drift technology with a 50L 
demonstrator 
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ProtoDUNE-SP Performance

ProtoDUNE-SP 

ProtoDUNE-SP 
Þrst event

¥ detector emptied and 
being decommissioned

¥ Getting  ready for 
Phase-II operations in 
2022
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~400 ton
(ProtoDUNE)

x 25

10,000 ton
(1 DUNE module)

Many Challenges Along the Path to DUNE

! Technically unprecedented at the DUNE scale

! Data Acquisition requirements never dealt 

before

! Neutrino-argon cross sections not well 

measured 

! Neutrino Energy Reconstruction 

! Unprecedented systematics requirements

! Calibrating the detector

Energy Scale Uncertainties



(credit: D. Schmidt)

Experiments are using denser targets

Final State 
Interactions
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Understanding Neutrino-Nucleus Interactions 
Critical for Future

SBND will have worldÕs 
highest statistics on argon

¥ Neutrino-argon 
interaction 
measurements at ~1 
GeV scale

¥ Extensive Liquid 
Argon R&D for next 
generation Long-
Baseline expts.Fermilab Short-Baseline Neutrino Program
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ICARUS ArgoNeuT

LAPD

Materials Test Stand

2008

2010

2007

MicroBooNE

2015

35-ton prototype

Sho
rt-

ba
se

lin
e 

~1
 k

m
 

Long-baseline 

~1000 km 

SBND

ProtoDUNEs
2018-2020

400 ton

112 ton

~90 ton

Multi-kton 
(40,000 ton) 

 DUNE  
(2024)

ICARUS (500 tons)

2021

(2022)

Tremendous progress in LArTPCs  for neutrinos 
in the past few years

  100% R&D to 100% Physics



Exciting Physics Ahead of Us

¥ Neutrinos are incredible probes for a wide range of fundamental 
phenomena

¥ The discovery of oscillations revolutionized the Þeld of neutrino 
physics opening door to new and exciting physics

¥ Technological advances in neutrino detection key for discovery Ñ 

LArTPCs are the chosen technology for future experiments

¥ DUNE will address the big questions in the neutrino oscillation story 

¥ Rich physics program at DUNE Ñ any discovery would be a major 

discovery!

 65

Stay tuned! 
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EXTRAS
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¥ >90% peak efficiency for both electron-neutrino and muon-neutrino  selection
¥ Good efficiency for full energy range used in oscillation analysis

FD Event Selection EfÞciencies
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Order 1000
appearance
events in 7 years

Order 10,000
disappearance
events in 7 years

FD Selected Spectra

Neutrino Mode  Antineutrino Mode
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¥ Width of band represents 68% of throws (stats, systematics, oscillation parameters)
¥ Significant CP violation discovery potential over wide range of CP space in 7-10 

years

CPV Sensitivities
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¥ Width of band represents 68% of throws (stats, systematics, oscillation 
parameters)

¥ Definitive determination of mass ordering for all possible parameters

MH Sensitivities
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¥ Width of band represents difference between sensitivity with and without 
external constraint on  ! 13

¥ Ultimate goal is precise measurement of CPV: < 17 degrees after 15 years 
¥  ! 13 precision comparable to that of reactor experiments after 15 years

Precision CPV Measurement
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¥ Width of band represents 68% of throws (stats, systematics, oscillation 
parameters)

¥ Significant improvement in precision measurement of atmospheric mixing 
parameters

Atmospheric Mixing Parameters
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> 4 Million events collected 
b/n 2018-2020 

ProtoDUNE Test Beam
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¥ For !
e
  Appearance, e/r separation is critical

¥ Combine topology and charge information

e/r separation: BeneÞts of a LArTPC
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Image of the remnant of Supernova 1987a taken 
by the Hubble Space Telescope

O(10 ms) 

O(10 MeV) 

! To date, have only observed anti-electron neutrinos from Single SN
! DUNE will be sensitive for the first time to electron neutrinos

Supernovae Events


